Abstract Lobelioideae comprise about 1200 species in 30 genera worldwide and include famous cases of parallel evolution in the "giant rosette" lobelias occurring in East Africa, Hawaii, and Bhutan. To date, no phylogeny has included the Himalayan giant lobelia, and its age and phylogenetic distance from the Hawaiian and African giant species (the latter in the same section as the Bhutan species) are therefore unknown. Asian Lobelioideae in general have received little attention, partly because of the difficult access to material. Here we use nuclear and plastid markers of Lobelioideae (with worldwide sampling) to test the monophyly of the section that includes most Asian lobelias, and we then use a reduced concatenated matrix to resolve the position of Lobelia nubigena from Bhutan and of the likewise cold-adapted lowland species L. sessilifolia. Most sequences come from herbarium material. Lobelia nubigena diverged from its Asian lowland relatives 13.8 (12.6-15) million years ago (about the time of the Bhutan Himalaya orogeny), and in an unexpected twist, L. sessilifolia is the sister species to a huge clade (ca. 265 species) that comprises African, South American, Asian, and the entire Hawaiian Lobelioideae radiation. The African and Hawaiian high-elevation lobelias in our sample are younger than L. nubigena, although the time when gigantism evolved in this species cannot be precisely inferred. Our results support the previously hypothesized Asian origin of (1) the Hawaiian Lobelioideae, (2) Southeast Asian islands lobelias, and (3) the African Lobelia-Rynchopetalum group, which also reached South America. Keywords Africa; Bhutan; Biogeography; Campanulaceae; Himalaya; Lobelioideae; Lobelia worldwide (Tables S1 & S2 ; Fig. S1 ) is available in the Supplementary Data section of the online version of this article at http://ingentaconnect.com/content/iapt/tax; data matrices are available from TreeBASE (S15797, S18285).
INTRODUCTION
Among the most iconic examples of plants adapted to alpine conditions are the giant rosette lobelias growing on the slopes and plateaus of East African and Hawaiian mountains (Hedberg, 1964 (Hedberg, , 1969 Givnish, 2010) . Giant rosette lobelias are perennial monocarpic herbs mostly occurring in alpine and subalpine bogs. The adaptive value of a thick and tall stem with numerous, relatively large, and long-persistent leaves is thought to lie in the nightly protection of the cortex and apical bud against frost (Hedberg, 1969; Fetene & al., 1998) . Best studied are the 22 species of giant lobelias in eastern Africa (Knox, 1993; Knox & Palmer, 1998; Knox & al., 2004; Lammers, 2011a) , which grow at altitudes from 725 m to over 4600 m on the equatorial mountains of Tanzania and along the East African rift system (Knox & Palmer, 1998) . Much less well studied in terms of both ecology and evolution is the Asian giant lobelia, Lobelia nubigena J.Anthony (Electr. Suppl.: Fig.  S1A : photos of its habit, apical buds, and distribution map). It is endemic to the Thrumshingla National Park in the centre of Bhutan, where it grows from 3900 to 4300 m and where the first author observed and collected it in 2014. No molecular phylogenetic study has included L. nubigena, but morphologically it resembles L. telekii Schweinf. from Mts. Kenya, Elgon, and Aberdare (Anthony, 1936) . Both of them have been placed in L. sect. Rhynchopetalum (Fresen.) Benth., which comprises 24 Asian, 25 African, and 12 South American species (Lammers, 2011a, b; Fig . S1A-C in the Electr. Suppl. includes distribution maps of the section's Asian species). Plants in this section are perennial herbs (some to 9 m tall) with sometimes pachycaulous stems especially in the "giant rosette" lobelias (Lammers, 2011a, b) .
While the ecology and relationships of African and Hawaiian lobelias have attracted much attention (Hedberg, 1970; Mabberley, 1975; Givnish & al., 1996 Givnish & al., , 2009 Knox & Palmer, 1998; Knox & al., 2006; Antonelli, 2008 Antonelli, , 2009 ), Asian Lobelioideae have hardly been studied with molecular data. Only six Asian Lobelioideae have
MATERIALS AND METHODS
Gene sequencing and sequence aligning. -Total genomic DNA was extracted from silica-dried leaves or herbarium specimens using the MagicMag Genomic DNA Micro Kit (Sangon Biotech, Shanghai, China) or the NucleoSpin plant kit (Machery-Nagel, Düren, Germany). We sequenced the internal transcribed spacer regions (ITS1, ITS2) and 5.8S gene of the nuclear-encoded ribosomal DNA, and the plastid gene regions trnL-trnF, rbcL, psbA-trnH , trnK 5′ intron, matK and trnK 3′ intron. Primers used are listed in Electr. Suppl.: Table  S1 . Aligning was carried out with MAFFT v.7 (Katoh & al., 2009 ; http://mafft.cbrc.jp/alignment/server/), using the E-INS-i strategy and default settings. The aligned sequences were inspected in Mesquite v.3.04 (Maddison & Maddison, 2011) and in a few cases manually adjusted.
Taxon sampling and phylogenetic analyses. -To represent Lobelioideae, which have about 1200 species in ca. 30 genera (Lagomarsino & al., 2014) , we included the type of the name Lobelia (L. cardinalis L.) and 19 Lobelia species from Asia and the Pacific region, 41 in 4 genera from Africa, 43 in 8 genera from Central and South America, 17 in 5 genera from North America, 16 in 3 genera from Australia, 31 in 8 genera from Hawaiian and Polynesian islands, and 4 species in 2 genera from Europe (Antonelli, 2009; Givnish & al., 2009; Lagomarsino & al., 2014: Neotropical Lobelioideae) . Of sect. Rhynchopetalum (Lammers, 2011a, b) , we sampled 16 of its 24 Asian species, 13 of 25 African, and 5 of its 12 South American species. Of the 18 sections of Lobelia (Lammers, 2011a) , we sampled all except sect. Trimeris (C.Presl.) A.DC., sect. Speirema, and sect. Plagiobotrys. Of the 13 species of sect. Rhynchopetalum treated in the Flora of China (Hong & Lammers, 2011) , we included 10, some with multiple accessions. We failed to obtain leaf material of L. foliiformis T.J.Zhang & D.Y.Hong, only known from the Yunnan type collection, L. colorata Wall., a species described from India and extending into Yunnan, and L. pyramidalis Wall., which reaches 2-3 m in height and occurs at altitudes above 1000 m in Nepal, the Tibet Autonomous Region (Xizang), Bhutan, India, N Burma, and N Thailand. Lobelia colorata is morphologically close to L. taliensis Diels, while L. pyramidalis is morphologically close to L. seguinii H.Lév. & Vaniot (Hong & Zhang, 1992) .
We first constructed large ITS and cpDNA matrices to test the placement of the Asian species newly sequenced for this study. All 54 Lobelioideae ITS sequences available in GenBank on 12 August 2015 were downloaded and aligned with our own 27 ITS sequences. Appendix 1 (and Electr. Suppl.: Table S2 ) lists all material used in this study with herbarium vouchers, herbarium codes, collection details, and the natural range of the respective species; it also contains notes from the Flora of China (Hong & Lammers, 2011) and in some cases, on types and their locations (we checked the vouchers of all downloaded sequences against information in the original papers and eliminated a few apparently misidentified or at least mislabelled sequences). To root the family-wide 81-taxon ITS matrix, we used Wahlenbergia marginata (Thunb.) A.DC. (Wahlenbergieae) and Trachelium caeruleum L. (Campanuleae), both of Campanuloideae based on Eddie & al. (2003) and . We also downloaded and aligned the plastid sequences of all species with at least one of the following fragments: trnL-trnF intergenic spacer, rbcL, psbA-trnH, trnK 5′ intron, matK, trnK 3′ intron, atpB-rbcL, trnT-trnL, trnV-trnK, rpl16 , and the plastid genomes from Knox (2014; TreeBASE no. S15797) and aligned them with our own plastid sequences, yielding a matrix of 155 taxa, again checking the herbarium vouchers to the extent possible. Where vouchers are missing this is indicated in our Appendix 1 and Electr. Suppl.: Table S2 . In a few cases, we sequenced two or three conspecific plants for the same gene region for verification (Appendix 1; Electr. Suppl.: Table S2 ). To root the family-wide plastid matrix, we used Cyphia tortilis N.E.Br. (Cyphioideae) based on Mansion & al. (2012) and .
Next, we used a reduced taxon sampling of 40 species from sect. Rhynchopetalum, with L. cardinalis and L. laxiflora Kunth as outgroups based on Knox (2014). For these 40 species, nuclear and plastid matrices were concatenated given that separate analyses did not yield any conflicting nodes with > 70% maximum likelihood bootstrap support. The data matrices used in this study have been deposited in TreeBASE S18285.
To select a model of nucleotide substitution, we ran jModelTest v.2.1.4 (https://code.google.com/p/jmodeltest2/; Darriba & al., 2012) with the Akaike information criterion, which favoured the general time-reversible (GTR) + GAMMA (G) + proportion of invariable sites (I) model for the large ITS matrix and TIM3 + G for the large cpDNA matrix. Since Posada's 2003 transitional model (TIM3) is not implemented in modern programs, we used the GTR + G model for all matrices (with empirical base frequencies and four gamma rate categories). Phylogenetic trees were obtained under maximum likelihood (ML) optimization, using RAxML-HPC v.8.1.24 (Stamatakis, 2006) with separate models for the nuclear and plastid data and statistical support obtained under the rapid bootstrap option and using 1000 replicates (Stamatakis & al., 2008) .
Molecular clock dating. -Molecular-clock dating was carried out on the 40-species sect. Rhynchopetalum matrix, using BEAST v.1.8.0 (Drummond & al., 2012) under the same substitution model as used for the phylogenetic analyses. A Yule process tree prior with a randomly generated starting tree was used for all analyses. Monte Carlo Markov chains were run for 10 million generations with sampling every 10,000 generations. The effective sample sizes for all estimated parameters were checked with Tracer v.1.5 to ensure values > 500. The first 10% of trees were discarded as burn-in, and the remaining trees were combined, using TreeAnnotator v.1.7.5. For calibration purposes, we applied a strict clock model, using an ITS rate of 4.13 × 10 − 9 substitutions/site/year (s/s/y), which is the mean of the 10 herbaceous rate compiled by Kay & al. (2006) , a trnKmatK rate of 8.1 × 10 − 10 s/s/y from legumes (Lavin & al., 2005) , and trnL-trnF, rbcL, and psbA-trnH rates of 5.6 × 10 − 10 s/s/y, as found in several independently calibrated studies (Villarreal & Renner, 2014) . The age of the divergence between L. cardinalis /L. laxiflora and the sect. Rhynchopetalum clade was used to validate our dating by comparing it with the age obtained for this node by .
RESULTS
Polyphyly of the pantropical L. sect. Rhynchopetalum. -The nuclear (ITS) phylogeny of Lobelioideae (Fig. 1A , with the sectional placement of each species in parenthesis behind its name) represents 80 species from throughout the subfamily's geographic range and indicates that the Polynesian genera Apetahia Baillon and Sclerotheca A.DC. as well as the entire Hawaiian clade, which besides Lobelia includes the genera Clermontia Gaudich., Cyanea Gaudich., Brighamia A.Gray, Delissea Gaudich., and Trematolobelia Rock, are imbedded within sect. Rhynchopetalum. The Asian L. sessilifolia forms the deepest divergence (Fig. 1A , B, red arrows) in the clade comprising the Asian lobelias and their Hawaiian, Polynesian, and African / South American offshoots. In the nuclear tree ( Fig. 1A) , L. boninensis from the Bonin Islands is imbedded inside the Hawaiian clade, but this placement lacks statistical support and is not seen in the plastid tree (Fig. 1B) , which is better sampled (155 species) and shows L. boninensis as part of a clade of species from Sumatra and the Philippines. The sequence chromatograms of L. boninensis and the other newly generated ITS sequences revealed no double peaks and their alignment was unambiguous. The combined nuclear and plastid data ( Fig. 2A) placed L. boninensis in the Sumatra / Philippines clade with statistical support.
Biogeography and divergence times of Asian lobelias. - The divergence time of L. cardinalis /L. laxiflora from the remaining species was estimated as 23.5 million years ago (Ma, more or less consistent with the 22 Ma estimated for the same node by ; the most recent common ancestor of the Hawaiian Lobelioideae was estimated as 13.0 Ma by Givnish & al. (2009) , only slightly older than our estimate of 11.1 Ma. The similar ages obtained in these three studies (with different species sampling and rate calibrations) inspire some confidence in our overall time frame for Lobelioideae. The giant Bhutanese L. nubigena is sister to a large Asian /African / South American / Hawaiian clade (with 90% ML bootstrap support; Fig. 2A ), and our time tree suggests that this species diverged 13.8 (12.6-15) Ma. The most northern-ranging Lobelia species in sect. Rhynchopetalum, L. sessilifolia, is sister to all remaining species in our sample (with statistical support: Fig. 2A, B) .
The African giant rosette lobelias, L. rhynchopetalum Hemsl. at 3900-4000 m alt. on Mts. Bale and Simen, L. deckenii Hemsl. at 3200-4200 m on Mts. Kenya, Elgon, Aberdare, and Meru, L. aberdarica R.E.Fr. & T.C.E.Fr. at 2800-3200 m and L. telekii at 3400-4650 m on some of the same mountains, and L. giberroa Hemsl., widely distributed at 1500-3000 m, are inferred to be between 8.2 and 0.4 million years old ( Fig.  2B ; altitudinal ranges all from Thulin, 1984, and Knox, 1993 
DISCUSSION
We set out to infer the closest living relatives and time of origin of the Bhutanese L. nubigena, the Asian pendant to the African pachycaulous giant rosette lobelias, which required Table S2 . Bootstrap values ≥ 70 are given at the nodes, and each species' sectional classification (Lammers, 2011a) follows its name, using the abbreviations: Col = Colensoa, Cry = Cryptostemon, Del = Delostemon, Gal = Galeatella, Hol = Holopogon, Hom = Homochilus, Hyp = Hypsela, Jas = Jasionopsis, Lob = Lobelia, Mez = Mezleriopsis, Rev = Revolutella, Rhy = Rhynchopetalum, Ste = Stenotium, Tup = Tupa, and Tyl = Tylomium. Red arrows mark the focal clade analyzed further in Fig. 2A , B. 
(6) (7)
clarifying the relationships among the Asian lobelias. The latter had been suggested to be the ancestors of the African lobelias (Knox & Palmer, 1998; Knox & al., 2006) , with L. nicotianifolia perhaps representing the ancestral group from which East African giant lobelias evolved (Mabberley, 1975; Givnish & al., 2009 ). While our results confirm an Asian origin of the East African clade, L. nicotianifolia is not particularly close to the African clade ( Fig. 2A, B) . As found by Givnish & al. (2009) , albeit without statistical support, the Polynesian genera Apetahia and Sclerotheca and the Hawaiian clade of Lobelioideae (some 128 species in six genera; Sporck-Koehler & al., 2015) derive from Asian ancestors ( Fig. 2A, B (Lammers, 2011a, b) . Both species have a thick tall stem, numerous large persistent leaves, and inflorescence buds and flowers enclosed by hairy bracts and sepals ( Fig. 2C ; Electr. Suppl.: Fig. S1A ). Their superficial similarity must result from parallel evolution in gross morphology. On the mountain in Bhutan, at ca. 3900 m altitude, where the first author collected L. nubigena, he saw thousands of individuals, and a local forest ranger indicated that this was the only known population and that the site was not protected.
Timing of the convergent evolution of gigantism in Bhutanese, Hawaiian, and East African Lobelia. -The giant lobelias in Bhutan, Africa, and Hawaii (Fig. 2B) clearly evolved independently and in each case from low-growing species with branched inflorescences. The dead leaves coating the stems of "giant rosette" lobelias efficiently prevent nocturnal freezing of the xylem and protect the apical meristem (Hedberg, 1964; Fetene & al., 1998) , and the giant growth of some species (which can reach up to 9 m tall) removes the apical meristem from temperature oscillations near the ground (however, plants first grow for several years as a stemless rosette before developing an unbranched vertical trunk). For L. keniensis, L. rhynchopetalum, and L. telekii, measurements in the field have shown that photosynthesis stops as soon as ice crystals are formed in the leaves, but that CO 2 -uptake resumes immediately after thawing (Schulze & al., 1985; Bodner & Beck, 1987; Fetene & al., 1998) .
Lobelia nubigena, which is adapted to climate and soil conditions at 3900-4300 m in the western Himalayas, diverged from its sister clade 13.8 (12.6-15.0) Ma. While we cannot infer the time when it adapted to high-alpine conditions, this lineage age more or less matches the orogeny of the Bhutan Himalayas, which underwent their main uplift 15-9 Ma (McQuarrie & Ehlers, 2015) . The African high-elevation lobelias are younger than L. nubigena (Fig. 2B) , and those included in our sampling are also younger than the mountains they occur on. For example, Mt. Elgon, a volcano, formed 25-20 Ma (Walker, 1969; King & al., 1972) , and the four lobelia species that grow on its upper slopes (L. aberdarica, L. deckenii, L. giberroa, L. telekii) formed 8.2-0.4 Ma. They must have progressively adapted to afro-alpine condition as they extended their ranges upward (Hedberg, 1969 (Hedberg, , 1970 . Similarly, the Hawaiian high-altitude endemics L. gloria-montis (on Maui) and L. villosa (on Kauai) appear to be younger than the high-elevation bog habitats to which they are now adapted. Unfortunately, physiological studies on the African high-elevation lobelias were all undertaken without an evolutionary context (the high-altitude species are always compared to each other or to giant Senecio species, instead of to related lowland lobelias). It is therefore unknown which traits changed as their cell physiology adapted to tolerate crystallization of the bulk of the leaf water for several hours and then resume photosynthesis immediately after thawing (Schulze & al., 1985; Bodner & Beck, 1987; Fetene & al., 1998) . and the curators of the herbaria of Edinburgh and Harvard for specimen loans or leaf fragments; De-Yuan Hong and Zhi-Duan Chen for advice; Guang-Wan Hu and Xue Yan for assistance in the field; and Shu-Ying Zhao and Martina Silber for help in the lab. This research was supported by Grants from the Sino-Africa Joint Research Center (no. Y323771W07) and the National Natural Science Foundation of China (no. 31300182). 
